Introduction
The nature and composition of the Cretaceous±Tertiary (K/T) boundary layer, as well as the data indicating the Chicxulub structure as the crater (e.g. Sigurdsson et al., 1991; Koeberl and Sigurdsson, 1992; Smit et al., 1992; Alvarez et al., 1995) , are indicative of a major extraterrestrial impact at the end of the Cretaceous. This impact was first indicated by an anomalously high concentration of Ir (Alvarez et al., 1980) , although the origin of Ir and other geochemical anomalies at the K/ T boundary have been debated widely in the`impact vs. volcanism' controversy. In the last decade, advances in knowledge of K/T boundary geochemical anomalies, such as Os and Cr isotope compositions (e.g. Meisel et al., 1995; Koeberl and Shirey, 1997; Shukolyukov and Lugmair, 1998) , further support the evidence for a bolide impact. However, interpretation of the geochemical record of the K/T impact also requires understanding of the preservation of the record and the diagenetic processes that may have altered the original trace-element concentrations. The mass extinction at the end of the Cretaceous and the deposition of the fireball layer led to unusual depositional conditions. Organic-matter and trace-element (terrestrial and extraterrestrial) fluxes would have been much higher during the ejecta deposition. As a consequence, such anomalous fluxes may have led to unusual oxygen consumption and, therefore, extreme reducing conditions. The ejecta sediments were later oxidized, and such reducing/ oxidizing cycles can obscure the original signatures and concentrations.
In order to determine the diagenetic conditions in K/T boundary sediments, we analysed the K/T boundary interval focusing especially on redox-sensitive elements. One of the selected elements was Eu, since positive Eu anomalies are not common in sedimentary environments but, when present, provide significant constraints on the diagenetic evolution. In natural materials, all the REE are trivalent, with the exception of Ce, which is stable as Ce 4+ in oxidizing conditions, and Eu, which is stable as Eu 2+ under reducing conditions. During weathering REE can be mobilized and removed into solution (e.g. Nesbitt, 1979) , and during diagenetic processes, in addition to remobilization, substantial changes in redox conditions may occur. Although, for most diagenetic conditions the aqueous chemistry of Eu is dominated by the trivalent state, Eu may be reduced in highly reducing environment (Sverjensky, 1984) , providing interesting information about Eh conditions.
Samples and methods
Samples from the K/T boundary layer and sediments above and below were analysed at two of the most complete K/T boundary sections (Agost and Caravaca) located in SE Spain (Fig.  1a ) in the Betic Cordillera, which is part of the peri-Mediterranean Alpine orogenic belt. The K/T boundary is marked by a 2±3 mm-thick clay layer (Fig. 1b,c) consisting mainly of smectite at both sections, abundant spherules of potassium feldspar and Fe-oxides at Agost and K-feldspar at Caravaca (e.g. Smit and Klaver, 1981; Smit, 1990; Martinez-Ruiz et al., 1997) . This layer is typically rust-coloured at Caravaca and mainly dark-green with rusty patches at Agost. It is underlain by a sharp contact of Cretaceous light-green marly limestones and is overlain by marly clays with early Danian microfossils. Bioturbation does not seem to have modified the original ejecta lamina significantly.
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Results
Previous works on the Agost and Caravaca sections have reported the mineralogical composition of the K/T boundary interval at these sections (e.g. Martinez-Ruiz et al., 1992 Ortega Huertas et al., 1995; OrtegaHuertas et al. (1998) . The boundary layer comprises mostly smectite and abundant potassium feldspar spherules at both sections, with Fe-oxide spherules also abundant at Agost. At both sections, oxidized pyrite framboids have been observed also. A detailed study focusing on the diagenetic alteration of the boundary layer and spherules has shown that barite is prominent in the boundary layer ( Fig. 2a) and also fills some iron oxide and potassium feldspar spherules (Fig. 2b,c,d ). Optical and SEM analyses of iron oxide spherules have also demonstrated that most of these spherules resulted from the oxidation of pyrite spherules, and some pyrite relicts are still observable in oxidized spherules and framboids (Fig. 2e) .
The trace-element concentrations for bulk sediments and K-feldspar spherules from Agost are presented in Table  1 . Results from different samples taken in the boundary layer at Caravaca are similar; only one representative sample is included in Table 1 that reveals geochemical anomalies. However, the concentrations of Ba and Eu vary significantly from sample to sample at Agost; higher Eu concentrations are correlated with higher barite contents. Other than the K/T boundary sample where Ir was measured, two other representative samples (one Ba-poor and one Ba-rich) are included in Table 1 . Plots representing some of the geochemical anomalies at both sections are presented in Fig. 3 . Al data from Martinez-Ruiz et al. (1992) and Martinez-Ruiz (1994) have been used to correct for variations in the aluminosilicate fraction. All of the elements presented in Fig. 3 show positive anomalies at the boundary layer. Eu data from K/T boundary sediments, K-feldspar spherules and representative Cretaceous and Tertiary samples are presented in Table 1 . Chondrite-and NASC-normalized patterns for REEs from Agost samples are shown in Fig. 4 , where a positive Eu anomaly in bariteenriched samples can be observed.
Discussion
The geochemical composition of the ejecta layer at Agost and Caravaca supports the impact scenario at the end of the Cretaceous. Typical extraterrestrial elements such as Ir, Ni, Co, Cr and Fe are enriched in the boundary sediments. However, trace-element concentrations may have been severely modified and therefore may not reflect the original extraterrestrial contamination accurately.
Evidence for reducing conditions
Different geochemical and mineralogical proxies indicate that depositional conditions were unusually reducing during deposition/early diagenetic processes: 1 Elevated U concentration. Typical terrestrial crustal elements can be used to evaluate diagenetic concentrations in reducing conditions. The U/Th ratio is a potential redox indicator as Th is relatively immobile in the sedimentary environment and it is concentrated in Terra Nova, Vol 11, No. 6, 290±296
Positive Eu anomaly during diagenesis of K/T ejecta . F. Martinez-Ruiz et al. the detrital fraction. U 6+ is soluble, but U 4+ precipitates in a reducing environment raising the U/Th ratio. Wignall and Myers (1988) proposed the authigenic uranium (U a ) content as an index of bottom-water oxygenation calculated as: U a = (total U)±Th/3, which can be a reliable redox proxy (Jones and Manning, 1994) . The U a content for the K/T boundary layer is extremely high at Agost (Table 1 ) compared to sediments above and below the boundary, and suggests extremely reducing conditions during deposition and early diagenesis. Although lower than in the Agost section, U a is very high at the Caravaca K/T boundary layer compared to sediments above and below, also indicating reducing conditions (Table 1 ). This fact suggests that at Agost more extreme reducing conditions developed, probably related to palaeoceanographic conditions, and the expansion of the oxygen minimum zones (Smit, 1999 suggests that large amounts of organic matter deposited on the ocean floors after the extinction. In these conditions, pyrite replaced the original spherule material at Agost. In fact, some pyrite relicts are even observed in Fe-oxide spherules and oxidized framboids (Fig. 2e) (Sverjensky, 1984; MacRae et al., 1992) . However, Eu is enriched relative to`normal shales' in the conditions reported by MacRae et al., (1992) while enrichment is absent when C1 normalised-patterns are considered. In contrast, Eu anomalies reported here in the K/T boundary layer at Agost indicate an enrichment of both the NASCand the C1-normalized patterns (Fig.  4) . The Eu 3+ /Eu 2+ equilibrium in aqueous solution illustrated in Eh-pH diagrams (Sverjensky, 1984; Brookins, 1988 Brookins, , 1989 indicate that Eu is only reduced under very low Eh. Therefore, this enrichment provides further support for the significant mobilization of Eu under very strong reducing conditions, and confirms that the rapid accumulation of organic matter after the mass extinction, and high metal concentrations led to an unusual oxygen consumption, responsible for Eu reduction and mobilization. At the Agost section, barite originated during pyrite weathering and is also the carrier phase for Eu and responsible for positive Eu anomalies, because Eu would have been coprecipitated with Ba. Thus, Eu anomalies are promoted by reducing/ oxidizing reactions when reduced species were oxidized and barite precipitated. The removal of Eu and Ba into solution and precipitation of barite would have been controlled by circulation of fluids. An irregular distribution of secondary phases could have led to significant lateral variations in elemental abundance as reported for Eu and Ba (Table 1) . Chondrite-normalized positive anomalies are displayed by barites formed in reducing sedimentary and metamorphic environments (Guichard et al., 1979) . This is consistent with the reduced divalent Eu cations substituting Ba by virtue of their similarity in size and charge.
Other data in the literature also support reducing conditions at the K/T Terra Nova, Vol 11, No. 6, 290±296
Positive Eu anomaly during diagenesis of K/T ejecta . F. Martinez-Ruiz et al. boundary; for example, reduction and leaching of iron in the White Beds below the K/T boundary in the Gubbio section (Italy), suggest that the K/T boundary clay in Italy was deposited under anomalously reducing conditions (Lowrie et al., 1990) . Montanari (1991) also detailed early diagenetic processes in the K/T boundary clay from Italy, demonstrating that the K/ T boundary facies are consistent with reducing environments. Benthic fauna evidence (Coccioni and Galeotti, 1994) , foraminiferal indices and S isotopes (Kaiho et al., 1999 ) also indicate reducing conditions at the K/T boundary in the Caravaca section (Spain).
Implications for trace-element remobilization
At Agost and Caravaca, Ir reaches 24.5 and 35.2 ppb, respectively (MartinezRuiz et al., 1992 (MartinezRuiz et al., , 1994 . As the source material in both sections should be quite similar, these differences can be explained in terms of a different diagenetic evolution of the boundary layer material. The mechanism of PGE behaviour and transport in low-temperature solutions is still poorly known, although Ir remobilization has been reported in relation to microbial activity (Dyer et al., 1989) and in suboxic conditions (De Lange et al., 1991) . In other K/T boundary sections, Ir concentrations vary widely from place to place (e.g. Evans et al., 1995) . This probably results from different rates of extraterrestrial/terrestrial contribution at each location and from the diagenetic evolution of the boundary sediments. There is still some uncertainty regarding the original Ir concentrations in the K/T boundary sediments, and the first step towards determining original concentrations is to address the diagenetic alteration of the ejecta layer, since no evaluation of extraterrestrial fluxes can be based on the altered concentration. This consideration also applies for other trace elements. In this regard, positive Eu anomalies, higher U a contents and a more extensive development of pyrite at Agost suggest a more reducing environment. Ir content is lower than at Caravaca, suggesting that Ir and possibly other trace elements may have been mobilized under stronger reducing conditions.
Conclusions
The high U a content, the abundance of oxidized pyrite and the development of positive Eu anomalies all indicate strong reducing conditions during the deposition and early diagenesis of the ejecta layer at Agost. Positive Eu anomalies constrain the redox potential since this element can be mobilized only under very strong reducing conditions. In such conditions, Ir and other trace elements could also have been mobilized, thereby modifying the original geochemical record of the K/ T impact. Alteration of the original concentration of extraterrestrial elements must therefore be considered for a correct evaluation of extraterrestrial fluxes to the boundary sediments, and modelling of the K/T impact. Terra Nova, Vol 11, No. 6, 290±296 Positive Eu anomaly during diagenesis of K/T ejecta . F. Martinez-Ruiz et al. Fig. 4 Plots showing the Eu anomaly and REE abundances (normalized to C1 chondrite values of Anders and Ebihara, 1982 ; NASC values of Haskin et al., 1968) from one Ba-enriched and one Ba-poor sample, and from potassium feldspar spherules from Agost (AG-K/T1, AG-K/T2 and KFS, respectively).
